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Role of sp2 phase in field emission from nanostructured carbons
A. Ilie,a) A. C. Ferrari, T. Yagi, S. E. Rodil, and J. Robertson
Department of Engineering, Cambridge University, Cambridge CB2 1PZ, United Kingdom

E. Barborini and P. Milani
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~Received 30 October 2000; accepted for publication 30 April 2001!

It is shown thatsp2 phase organization plays an important role in the field emission from
nanostructured carbons. Emission is found to depend on the cluster size, anisotropy, and mesoscale
bonding of thesp2 phase, and the electronic disorder. It is found by Raman spectroscopy that
increasing the size ofsp2 clusters in the 1–10 nm range improves emission. Anisotropy in thesp2

phase orientation can help or inhibit the emission.sp2 clusters embedded in thesp3 matrix or
electronic disorder induced by localized defects oriented in the field direction can provide a local
field enhancement to facilitate the emission. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1381001#
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I. INTRODUCTION

Carbon films with internal nanostructure have proved
be better electron field emitters, with a much higher site d
sity and lower threshold field, than homogeneous amorph
carbon films. Some of these nanostructured films have m
diamond/graphite phases, e.g., nanocrystalline diamond1–3 or
nanocrystalline–diamond/pyrocarbon composites.4 In these
cases, the graphitic phase is some 10%, but concentrat
the boundaries of the diamond crystallites, or in a thin sh
~;1 nm! around the diamond crystallites.4 Other good emit-
ters have, in contrast, mainlysp2 bonding. These can b
synthesized using various deposition methods. High te
perature plasma or hot filament chemical vapor deposi
leads to nanocrystalline~corn-flake like! graphitic films.5,6

The cathodic arc is a versatile deposition method sinc
allows various good emitters to be obtained at room temp
ture, from nanostructures embedded in an amorph
matrix7,8 to the coralline material of Collet al.9 Preliminary
studies have shown that good emission properties can als
obtained from cluster-assembled carbon~ca-C! deposited us-
ing supersonic beams.10

Studies performed on amorphous carbon systems h
shown that, in these cases, the electron affinities involved
high,11–13 leading to emission barriers of about 4–5 eV14

Emission also appears to originate from near the Fermi le
in the case of nanocrystalline diamond.3 There are also recen
reports of emission from above the Fermi level, in the c
of clean nanotubes15 or nanodiamond–pyrocarbon.4 In these
cases, localized states induced by the low dimensionalit
the tubes, and two-dimensional quantum well effects w
invoked. However, we consider these latter cases less
evant for the wider class of nanostructured carbons, and
pect emission to originate from sites with large emission b
riers. This requires, in compensation, high local fields, wh
can be achieved through a high aspect ratio geometry, o

a!Author to whom correspondence should be addressed; electronic
ai205@eng.cam.ac.uk
2020021-8979/2001/90(4)/2024/9/$18.00

Downloaded 04 Dec 2006 to 129.169.177.41. Redistribution subject to AI
o
-

us
d

at
ll

-
n

it
a-
us

be

ve
re

el

e

of
e
el-
x-
r-
h
by

internal inhomogeneities.16–18 As in most cases film rough
ness is not sufficient to generate a high enough field,
source of field enhancement has to be internal.

Here we focus on systems with bulk nanostructure,
duced either directly during deposition or by postdeposit
treatment. First, amorphous carbons~a-C! can be nanostruc
tured by postdeposition annealing. These are good mo
systems as thesp2 phase can be made to evolve inside t
sp3 matrix in a controllable way by increasing the anneali
temperature. We show that in this way thesp2 clusters in-
crease in size and eventually adopt a preferential tw
dimensional ~2D! orientation as in graphite. Second, a
deposited nanostructured films were obtained by quenchi
carbon ion plasma in a background inert gas, as describe
Ref. 8, or by supersonic cluster beam expansion.19,20 In con-
trast to the postdeposition nanostructureda-C’s, these films
are more complex, with a mesoscale structure and a tr
mensional~3D! topology. Planar rings and cage-like cluste
can be found embedded in an amorphous matrix.19,21

A comparison of all these films allows us to emphas
the effect of differentsp2 phase parameters, such as clus
size, orientation, and electronic disorder on field emissi
We show that these are important factors controlling
emission. The evolution of thesp2 phase was monitored us
ing a combination of Raman spectroscopy, electron ene
loss spectroscopy~EELS!, resistivity, and work function
measurements. An in-plane correlation length~size! of the
sp2 clusters was obtained from Raman. Information ab
the orientation of thesp2 clusters in the amorphoussp3 ma-
trix was obtained here from resistivity, so that for annea
a-C’s we could correlate anisotropy in conduction with
anisotropic development of thesp2 phase.

We find that emission improves by increasing the Ram
correlation length ofsp2 clusters in the 1–10 nm range. Or
entation of thesp2 phase matters, so that graphitic plan
oriented perpendicular to the emission direction are
favourable to emission. In contrast, films with graphi
planes oriented mainly parallel to the emission direction
with a 3D nanostructure can be better emitters. Reasons
il:
4 © 2001 American Institute of Physics
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this behavior are discussed and related to the propertie
the sp2 phase.

II. EXPERIMENTAL METHODS

a-C’s can be nanostructured by giving energy to the s
tem; either by thermal activation as in deposition at h
temperatures or postdeposition annealing, or by atom
placement by knock-on in the case of high energy irradiati
Two microscopic processes take then place:~i! sp2 phase
clustering, and~ii ! sp3 to sp2 conversion.

Here we consider postdeposition annealing of ta-C
ta-C:H, anda-C:H. All are diamond-like carbons, with a
initial sp3 content of 85%, 68%, and 65%, respectively. W
chose thesea-C’s since hydrogen and nitrogen evolution i
duced by annealing allows them to undergo transformati
in a greater degree than ta-C annealed at the same tem
tures. Thougha-C:H and ta-C:H have the samesp2 content,
ta-C:H has a better thermal stability. The effect of postde
sition annealing on field emission from ta-C has been sho
elsewhere.18 Annealing was carried out for 20 min in
vacuum of about 1027 mbar, up to 700 °C fora-C:H, and up
to 1000 °C for ta-C:H and ta-C:N. Film thickness was fou
to decrease slightly, by about 10%–20%, at the highest t
peratures only.

As-deposited nanoclustered films were obtained thro
two deposition methods.~i! In the first one, the C1 plasma
beam of a cathodic arc was quenched in a cold backgro
atmosphere of an inert gas. Mixtures of nitrogen and heli
were used. Two series of films were produced, for which
nitrogen/helium ratio was varied in different ways. In th
first series~A! the total deposition pressureP was kept con-
stant and the nitrogen partial pressurePN was varied. In the
second series~B!, PN was kept constant andP was varied by
varying the amount of helium.~ii ! The second deposition
technique used a supersonic cluster beam to deposit clu
assembled carbon.19

sp2 phase parameters were obtained by combining
ferent methods. Thesp2/sp3 fraction was determined from
carbon K-edge EELS.22 The type of bonding of thesp2

phase was determined using visible~514.5 nm! Raman spec-
troscopy. AD peak in the Raman spectra of amorphous c
bons indicates clustering of thesp2 phase into rings.23 We
correlate its increase in intensity relative to theG peak,ID/
IG, to the development ofsp2 clusters containing a highe
number of rings.22 TheG peak arises from allsp2 sites since
it is due to the stretching ofsp2 C–C bonds. In this work the
spectra were fitted with a Breit–Wigner–Fano~BWF! line
shape for theG peak and a Lorentzian for theD peak. TheG
peak position is given as the maximum of the BWF rath
than its center to allow a comparison with literature d
using a symmetric line shape fitting.23

Information about the spatial distribution and correlati
of the sp2 clusters was obtained here by comparing the
plane and transverse resistivities:r i and r' . Different val-
ues of the two resistivities would indicate an anisotropic
velopment of thesp2 phase~see Sec. IV!, as in graphite.r i

was measured from gap cells defined by lithography
samples deposited on quartz.r' was obtained by pressing
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Pt–Ir tip directly onto films deposited on very highly dope
(n11)Si. In this last case the reproducibility of contact fo
mation was checked, and a contact area of approximatel
mm2 was determined using an optical microscope. We c
sidered a contact area in this range in order to avoid pr
lems related to pin holes. The current–voltage characteris
obtained were symmetric~no rectifying contacts were
formed!, ohmic at low fields, and showed a field effect
high fields. Resistivity was determined from the low fie
part of the current–voltage characteristics. For low resistiv
samples the data were corrected with a factor taking i
account that the tip fringe field lines spread more than
contact area. The anisotropy in bonding can also be dete
by EELS.24

The surface work functionf was measured using
Kelvin probe in order to correlate it with changes in thesp2

phase. The probe was a cylinder of 3 mm diameter so
the information obtained is an average, nonlocal one. T
local barrier for field emission cannot thus be obtained, ho
ever the Kelvin probe measurements give information ab
the increase in size of thesp2 phase.

Field emission was measured using the parallel p
configuration in a vacuum of about 1028 mbar, and spacers
located outside the emission region to avoid artefacts du
surface leakage currents. The anode was a patterned indi
tin–oxide plate, coated with a low voltage phosphor. T
allowed light emission from an average current density
low as 1029 A/cm2 to be recorded. It is acknowledged th
the parallel plate method, in contrast to the scanning
crometer sized probe, probes only the most emissive sp
Sometimes, the emission originates from extrinsic effe
such as macroparticle inclusions, or activated damag17

However, in general for the emitters investigated he
samples with a lower threshold field also have a higher
density. Hence, although some of the samples studied
are poor emitters, we can still reach some general con
sions on the general factors which effect emission in dis
dered carbon systems.

III. RESULTS

A. Amorphous carbons nanostructured by annealing

There are two effects which characterize the evolution
thesp2 phase with annealing. One is the gradual increase
thesp2 cluster size inside thesp3 matrix. This can be moni-
tored by Raman spectroscopy. The second effect is that
clusters can adopt a preferred direction. This has been sh
for deposition at high temperatures, where it was found t
the sp2 clusters orient in planes perpendicular to t
substrate.25 Since in systems with mixedsp3/sp2 phases
conduction occurs exclusively in thesp2 phase, anisotropy
in conduction can demonstrate the existence of preferred
entations. Here we use Raman spectroscopy and conduc
to investigate how postdeposition annealing affects thesp2

phase in ta-C:N, ta-C:H, anda-C:H.
Figure 1 shows, as an example, the evolution of the

man spectra of ta-C:H with annealing temperature. A cleaD
peak appears at temperatures as low as 400 °C and then
tinuously evolves at higher temperatures. Gradualsp2 clus-
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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2026 J. Appl. Phys., Vol. 90, No. 4, 15 August 2001 Ilie et al.
tering occurs in all the systems~Fig. 2!. This is shown by the
monotonic increase ofI (D)/I (G) with the annealing tem-
perature assp2 aromatic clusters form in thesp3 matrix.
Clustering continues with annealing until thesp3 matrix dis-
appears completely, and thenI (D)/I (G) saturates for both
a-C:H and ta-C:H. For ta-C:NI (D)/I (G) values are lower,
indicating that even at high annealing temperatures o
small aromaticsp2 clusters are formed. It is important t
note thatI (D)/I (G) is zero for as-deposited ta-C:N. Th
means that in this case the as depositedsp2 phase is presen
only as olefinic, chain-like clusters. Existence of short cha
with strong C–C bonds has been predicted in ta-C
theory26 and is shown in ta-C:N by the high position~at
about 1565 cm21 at room temperature! of the G peak. At
higher annealing temperatures the type of bonding in ta-C
changes from chains to rings. This contrasts with the sit
tion in a-C:H and ta-C:H, where nonzeroI (D)/I (G) values

FIG. 1. Evolution of the Raman spectra of ta-C:H with annealing. ta-C
evolves from amorphous, in the as-deposited state, to nanocrystalline g
ite, at the highest annealing temperature.

FIG. 2. sp2 clustering induced by annealinga-C’s is indicated by a gradua
increase in the Raman parameterI (D)/I (G).
Downloaded 04 Dec 2006 to 129.169.177.41. Redistribution subject to AI
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and lower G peak positions~;1520 cm21! in the as-
deposited state indicate that aromatic rings are present f
the beginning.

Resistivity is a more complex property since it depen
both on the quantity and quality of thesp2 phase. This is
discussed in more detail in Sec. IV. Bothr i and r' were
measured in order to check if a preferential orientation of
sp2 phase also occurs after postdeposition annealing. Fig
3~a! shows thatr i and r' in ta-C:H decrease continuousl
with annealing. The decrease does not follow a single l
suggesting that there are several stages in the structural t
formation induced by annealing.r i varies more thanr' , so
that at 1000 °Cr i is about 1023 V cm, 4 orders of magnitude
lower thanr''10V cm. These values correspond to co
version into nanocrystalline graphite, which is also indica
by the saturation ofI (D)/I (G) ~Fig. 2!. For comparison,
note that for highly oriented pyrolitic graphite the resistiv
ties in the basal plane and along thec axis are ra

'1024 V cm and rc'1021 V cm, respectively.27 These
very different values are due to bonding anisotropy in gra
ite.

To demonstrate that the development of anisotropy
conduction with annealing is not specific to ta-C:H, we a
measured the two resistivities in ta-C@Fig. 3~b!#. We again
obtained thatr i varies more thanr' . The ta-C used here ha

ph-

FIG. 3. Resistivity of nanostructureda-C’s as a function of the anneal tem
perature. Resistivity was measured in two directions, parallel~i! and per-
pendicular~'!, to the film’s substrate for:~a! ta-C:H, and~b! ta-C.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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an as-grownsp2 rich surface layer several nm thick, alon
with buried layers of lower density.28 These would make it
liable to more rapid graphitization than ta-C:H, which po
sesses a much thinner~less than 1 nm! sp2 rich surface
layer.27 However, the variations in ta-C are less than in
C:H, indicating that the more rapid increase ofr i relative to
r' in both materials is not due to surface graphitization,
related to intrinsic properties of the films. Moreover, t
variations in resistivity in ta-C:H are closely related to h
drogen evolution from these films~see Sec. IV!. Thus, the
different r i and r' values for our films suggest an anis
tropic development of thesp2 phase induced by annealing
with the sp2 clusters aligningparallel to the substrate. This
conclusion is further supported byK-edge EELS
measurements.24

Figure 4 shows the effect of annealing on the field em
sion thresholdF th . In all the systems,F th first decreases
passes through a minimum, and then increases again.
happens against the continuous decrease in resistivity~Fig.
3!. As discussed in Ref. 18, we found no correlation betwe
improvement in emission and changes in thesp3 content.
The chemical composition is not a key factor either since
optimum bonding configuration is achieved in all the sy
tems, irrespective of the presence or absence of H or
Chemical composition only influencesF th indirectly because
it affects thesp2 cluster evolution and conductivity~see Sec.
IV !. Most H evolution froma-C:H and ta-C:H is above 500
and 600 °C,29 respectively, while N is expected not to evolv
from this ta-C:N above 700–800 °C.30

The surface work functionf reflects the changes i
structure with annealing. Ina-C:H f increases from 3.8–4
eV as deposited to;4.9 eV after annealing, reflecting th
hydrogen loss. Assp2 clustering decreases the optic
gap,31,23 the electron affinityx also increases with postdepo
sition annealing. Thus, the decrease ofF th occurs against an
increase inf and x, showing thatf and x are not key pa-
rameters for emission. This confirms our previous results
emission from surface treated ta-C.13

FIG. 4. Emission threshold field in nanostructureda-C’s with the anneal
temperature.
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B. As-deposited nanoclustered carbons

We first present results for the films produced in t
cathodic arc by quenching a C1 plasma in an inert back
ground atmosphere. Figures 5 and 6 show thesp3 content
and I (D)/I (G) for the two series~A and B, respectively!
described in Sec. II. For both of them, largeI (D)/I (G) val-

FIG. 5. ~a! I (D)/I (G) and ~b! sp3 content forn-cl carbon films deposited
by cathodic arc, using deposition conditions A~constant total pressure an
variable nitrogen partial pressure!.

FIG. 6. ~a! I (D)/I (G) and ~b! sp3 content forn-cl carbon films deposited
by cathodic arc, using deposition conditionsB ~constant nitrogen partial
pressure and variable helium partial pressure!.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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2028 J. Appl. Phys., Vol. 90, No. 4, 15 August 2001 Ilie et al.
ues are obtained@Figs. 5~a! and 6~a!#, indicating a high de-
gree of clustering, similar to that ofa-C:H or ta-C:H films
annealed at high temperatures. For series A,I (D)/I (G)
reaches a small maximum forPN'20 mTorr, while continu-
ously increasing with the total deposition pressureP for se-
ries B. In contrast, thesp3 fraction decreases continuous
for both series@Figs. 5~b! and 6~b!#. Even for the highest
deposition pressures the films are not completely graph
retaining ansp3 content of about 30%.

F th is found to decrease continuously with increasi
clustering@Fig. 7~a!#, in contrast to nanostructureda-Cs ~see
Sec. III A!, where an optimum bonding was found. Th
variation is against that of the average work functionf @Fig.
7~b!#. f was found to increase by about 0.4 eV wi
I (D)/I (G), and saturates for the most clustered films. T
shows thatf can be quite sensitive to the development
largersp2 domains. In contrast, in nitrogenated ta-C with
N content of less than 10%, where thesp2 clusters remain
small and mainly chain-like,32 f remains constant with in
creasing nitrogen content.13

The clustered assembled~ca-C! films can have a 3D
structure, with cage-like clusters embedded in an amorph
matrix.20 These can be as big as 2–3 nm, conferring poro
to the network. Compared to the other nanoclustered fil
the ca-C films are well clustered (I (D)/I (G);0.7– 1) and
have ansp2 content of about 70%–80%. These films sho
lower threshold field and higher site density than thea-C’s
nanoclustered by postdeposition annealing~see Sec. IV!.

IV. DISCUSSION

The results described in the previous section show
emission generally improves withsp2 clustering, but in
some cases there are factors that oppose it. This raises

FIG. 7. ~a! Emission threshold field and~b! average work function forn-cl
carbon films deposited by cathodic arc as a function ofI (D)/I (G).
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eral questions about thesp2 phase structure: is there~i! an
optimal size ofsp2 clusters,~ii ! a preferred orientation o
mesoscale organization, or~iii ! a favorable surface bonding

A. sp 2 cluster size

There is a generic correlation between the in plane c
relation length~‘‘size’’ ! La of sp2 aromatic clusters and
I (D)/I (G), as shown in Fig. 8.33,23 There are two branche
corresponding to different degrees of ordering of thesp2

phase. One goes froma-C toward nanocrystalline graphite
while the second continues the transition up to polycrys
line and single crystal graphite. The second branch is
scribed by the Tuinstra–Koening~TK! relationship,34 which
states thatI (D)/I (G) increases as 1/La by decreasing the
graphitic crystallite size. There is a limit of validity to the TK
relationship since for very smallLa the D peak and
I (D)/I (G) vanish~Figs. 1 and 2!. Branch one shows that fo
small clusters~as in annealeda-C!, contrary to the TK rela-
tionship,I (D)/I (G) increases withLa to cross branch two a
La;1.5– 2 nm. This corresponds to development and ord
ing of thesp2 phase inside thesp3 matrix of a-C’s until nc-C
is formed.I (D)/I (G) was then shown to be proportional t
the number of aromatic rings in the cluster, and a variat
law asLa

2 was proposed.23 We used this relationship to con
vert Figs. 4 and 3~a! as a function ofLa , into Figs. 9~a! and
9~b!, respectively.

Figure 10 showsF th as a function ofLa for all the films
described in Sec. III. All of them correspond to branch o
on Fig. 8, as indicated by the width and the position of t
RamanG peak. We also added a point corresponding to
oriented nanocrystalline graphite material of Obrazts
et al.5 for which anLa of about 15 nm was determined from
the Tuinstra–Koening branch.

It is important to realize that theLa derived by Raman
spectroscopy reflects the extension ofordered sp2 domains
and not the overall, physical dimension of thesp2 phase,
which can be much larger. Due to disorder, micron-sizedsp2

particles can have anLa of 1–2 nm. Another example is ca-C
films formed from building blocks which can reach 2–3 nm
yet their La can be below 1 nm. Only in cases when sm
ordered clusters are induced in a disordered matrix, as
annealeda-C’s, isLa close to the actual dimension of thesp2

phase. Finally, very smallLas, below 0.3–0.4 nm as deduce

FIG. 8. Generic correlation betweenI (D)/I (G) and the in-plane correlation
lengthLa of sp2 aromatic clusters given by Raman spectroscopy.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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2029J. Appl. Phys., Vol. 90, No. 4, 15 August 2001 Ilie et al.
from the La
2 law, are only indicative of very limitedsp2

clustering, with a preponderance of chain-like structures.
In these conditions, isLa given by Raman a good pa

rameter to classify films for electron emission? Figure
indicates that this classification is useful if one also includ
the sp2 phase orientation and mesoscale organization. S
ing from a-C’s, in which only very small aromatic cluster
are present, the emission improves by increasing the siz
sp2 clusters distributed randomly in thesp3 matrix. This was

FIG. 9. ~a! Emission threshold field and~b! resistivities for nanostructured
a-C’s, as a function of the in-plane correlation lengthLa of sp2 aromatic
clusters given by Raman spectroscopy. The arrow in~b! indicates the onset
of an anisotropic development of thesp2 phase.

FIG. 10. Emission threshold field as a function of the Raman in-plane
relation lengthLa for various classes of carbon films. Going down on cur
1, the emission site density increases.
Downloaded 04 Dec 2006 to 129.169.177.41. Redistribution subject to AI
0
s
rt-

of

attributed to local field enhancement generated by more c
ductivesp2 clusters embedded in the insulatingsp3 matrix.18

In this case of small clusters, the geometrical dimension
the clusters can be considered as equal toLa . Then, there is
a bifurcation point. This point is related to the organizati
of the sp2 phase at a larger scale, which introduces n
properties: thesp2 phase can acquire a preferential 2D o
entation, parallel or perpendicular to the substrate, or a m
complex 3D topology. As shown in Fig. 10, the developme
of sp2 clusters in planes perpendicular to the emission dir
tion ~as in postdeposition annealeda-C’s! appears to be un
favorable to emission. However, emission improves whenLa

is further increased in films with a more complicated, 3
topology~as for the majority of as-deposited clustered film!,
to become very good for films withsp2 domains oriented
mainly parallel to the emission direction.

B. sp 2 phase orientation and topology

In Sec. III it was shown thata-C’s develop conduction
anisotropy with postdeposition annealing. We now forma
relate this to thesp2 phase structural anisotropy.

In graphite, the anisotropy in conduction is extrem
There is easy conduction in the basal plane due to delo
ization of thep electrons over the whole graphitic shee
while along thec axis this is more difficult because of th
weak, van der Waals bonding between the graphitic shee

In carbons with mixedsp2/sp3 phases thesp2 sites are
generally localized in thesp3 matrix, therefore conduction is
described by some kind of hopping betweensp2 sites. In
a-C’s, where only smallsp2 clusters are present, there
little or no anisotropy in conduction. Transport is describ
reasonably well, at least over some temperature ranges
hopping between near-neighborsp2 sites or clusters35 @Eq.
~1a!#, or variable range hopping~VRH! @Eq. ~1b!#.

r215
K1d2

T
expS 2

E

kT
2

2d

a D , ~1a!

r215
K2

@aN~Ef !#
1/2expH 2F K3

a3N~Ef !T
G1/4J . ~1b!

r depends on the density of statesN(E) in which the trans-
port occurs~near the Fermi level if VRH, or at the energyE
if near-neighbor hopping!, the localization radiusa of these
states, and the distanced between hopping sites.K1 , K2 ,
andK3 are constants.r decreases at higherN(E), and with
increasinga and decreasingd because this increases the d
gree of overlap between the electron wave functions of
hopping sites.

Nanostructuringa-C’s by annealing increasesLa of sp2

clusters, and this should increasea because thep electrons in
an aromatic ring are delocalized on the whole ring.30 A com-
plication arises from the fact that thesp2 clusters are embed
ded in thesp3 diamond-like matrix, soa depends also on the

r-
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 11. Surface bonding and orbital orientation rel
tive to the electric field which can occur in carbo
films.
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the
position of thep band relative to thes band,Ep2Es . Ep

2Es increases with increasingLa since thep –p* gap
decreases.31 One thus has

a5C1

La

@Ep~La!2Es#1/2. ~2!

Moreover, in hydrogenated systemsEs is affected by hydro-
gen since this bonds preferentially to thesp3 sites. Thus,
with hydrogen evolution due to annealing,Es shifts closer to
Ep . However, for largersp2 clusters, and after hydroge
evolution froma-C:H, the energy dependent factor from E
~2! becomes constant and one can approximate

a5C2La . ~3!

We can now relate the changes in resistivity tosp2 phase
clustering ina-C’s annealed postdeposition. Consequentlyr i

lower thanr' implies an anisotropic orientation of thesp2

clusters in planes parallel to the substrate. Note that, in
case, relation~3! applies correctly only tor i and not tor' .
A more quantitative correlation can be found in Ref. 36.

Figures 3~a! and 9~b! show that r i decreases more
abruptly in ta-C:H for annealing temperatures above 500
This indicates a sudden development of thesp2 phase in
clusters parallel to the substrate~perpendicular to the emis
sion direction!, which is related to the onset of hydroge
evolution from these films. H evolution decreases thes –s*
gap, as explained above, and favors an increase in clu
size throughsp3 to sp2 conversion~see Figs. 1 and 2!. Both
effects increasea, rapidly decreasingr i @Fig. 9~b!#.

As shown in Figs. 9~a! and~b!, F th in ta-C:H reaches its
minimum just before the onset of thesp2 phase anisotropy
and then degrades rapidly. There are several reasons
which orientation of thesp2 phase in planes perpendicular
the emission direction can be unfavorable.~i! This spatial
configuration decreases the aspect ratio of thesp2 regions
embedded in thesp3 matrix, and thus the field enhanceme
factor. ~ii ! Field screening can occur when thesp2 islands
are too dense or too large.~iii ! Largesp2 islands parallel to
the substrate behave as equipotentials; they can trap
trons and become negatively charged, repelling the incom
emission electrons back toward the substrate. This can
explain why introduction ofsp2 internal layering in ta-C
degrades the emission.37,28

sp2 clusters aligned on the emission direction should
a more favorable configuration because they provide:~i! bet-
ter transport,~ii ! a better field enhancement factor, and,
some cases,~iii ! a more favorable electronic configuration
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the surface~see Sec. IV C!. Note, however, that in order to
take advantage of this configuration the clusters should
be dispersed too densely to avoid screening effects.

The as-deposited nanoclustered films described in S
III B are better emitters, with lower threshold fields an
higher site density, lying on curve 1 in Fig. 10. Their com
mon characteristic is that all have a more 3D structure. T
ca-C films consist of a distribution of smaller and bigg
clusters, some of them fullerenes.21 The majority of the films
deposited in the cathodic arc consist of smaller, nonfuller
type clusters, but with a 3D mesoscale topology. This w
shown by high resolution scanning electron microscopy a
indirectly, by their porosity. Several nanoclustered films o
tained in the cathodic arc lie on curve 2 in Fig. 10, and
more similar to thea-C’s annealed at high temperatures, b
ing compact, without porosity.

There are several reasons for which good emission
occur from 3D nanoclustered carbon films. The 3D topolo
can accommodate highersp2 cluster sizes oriented on th
emission direction, without inducing a field screening effe
while the presence of bothsp2/sp3 phases guarantees a wa
to obtain local field enhancement. Finally, as discussed
low, a defective 3D structure can provide highly localiz
states oriented on the emission direction through wh
emission is facilitated.

C. Surface electronic structure

The electronic bonding at the film’s surface is also
importance. Considering the extreme case of nanotu
~NTs!, these are good electron emitters mainly because
their high aspect ratio which generates very high local fie
and because of their high conductivity along the emiss
direction. However, it has been found that emission fro
NTs is controlled not only by the geometric field enhanc
ment factor but also depends on the tube e
configuration.38–40

The type of surface bonding can induce localized sta
deep in the gap. Localized states near or above the Fe
level can facilitate emission. These states exist41,15 and ap-
pear to help emission from NTs. The directionality of th
bonds is also important since the tunneling effect which g
erns the electron emission is highly anisotropic. Thus,
electron orbital aligned parallel to the electric field will giv
a higher tunneling probability.

Figure 11 shows several situations. Figure 11~a! shows a
graphene sheet with the basal plane perpendicular to
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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emission direction. In this case, on the emission direct
there are onlyp bonds which do not give states in the ba
gap. This unfavorable situation occurs for thea-C’s annealed
postdeposition at high temperatures~curve 2 on Fig. 10!.
Figure 11~b! shows the opposite situation of the graphe
sheet oriented on the emission direction. Dangling bonds
cur at the vacuum end because of the breaking of ths
bonds of thesp2 orbitals, which create localized states in t
band gap with a maximum electronic density on the fi
direction. This seems to be a very favorable situation. Ho
ever, such dangling bonds are very reactive and tend to
passivated by chemisorbed hydrogen. Therefore, C dang
bonds are possible only in high vacuum, or by breaking
C–H bonds under conditions of very high local field or hi
temperature caused by intense emission current. Figure 1~c!
shows a pentagon, which is the configuration which int
duces a convex curvature in nitrogen richa-C,42 3D nano-
structured films, or capped nanotubes. The unpairedp orbital
gives a localized state in the gap oriented in the field dir
tion, which is also chemically stable. Moreover, an unpai
p orbital can also occur in bent vertical graphene she
which are claimed by Obraztsovet al.43 to be present in their
highly oriented graphitic films. The unpairedp orbital thus
appears as the most favorable stable electronic configura
for field emission.

Finally, is the idea of correlating emission sites withsp2

clusters of certain properties consistent with the site dens
observed experimentally? The films considered here w
chosen with the scope of having the cluster size defined
Raman as a continuously varying parameter. Site dens
counted using a phosphor screen were also found to
continuously for the films on curve 1 in Fig. 10. Emission
scarce~from only several sites! and, sometimes, of extrinsi
origin for the as-deposited amorphous carbon films, bu
increases to about 102sites/cm2 for the annealeda-C’s; the
site density then varies from 102 to more than 103 for the
cluster assembled films, and to more than 104sites/cm2 for
the nanoclustered films obtained in the cathodic arc.8 One
notes that even the highest of these values are less than
one would expect from a one-to-one correlation with t
number of clusters present in a material with a dominantsp2

phase. The site density of ourn-cl films from cathodic arc
could be highly raised without requiring very high fields u
ing the well-known technique of the resistive~ballast!
layer.44 In this way, an almost uniform emission was visua
ized in films with high cluster sizes and number of cluste
This also shows that factors not discussed here, such as
erate inhomogeneities in roughness~affecting the geometri-
cal field factor at the emission site! or in local conductivity,
preclude observation of even emission from all the poten
emission sites.

A direct correlation between the presence ofsp2 nano-
structures and emission sites cannot be made on the bas
these results, as scanning probe techniques sensitive a
nometer scale are required by the size of thesp2 features
involved. The results of such a study performed on the na
clustered cathodic arc and clustered assembled carbon
will be presented elsewhere.45 A direct identification of sub-
nanometer narrowsp2 regions in a diamond matrix as th
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emitting sites was, however, obtained in the case of t
~;100 nm! ultrananocrystalline diamond~UNCD! films.46

This material consists of 2–5 nm size crystalline diamo
grains and is devoid of intergranular amorphous carbon
graphitic phases, as opposed to nanocrystalline diamond
50–100 nm size grains and a significant intergranular n
diamond phase. In UNCD the onlysp2 bonded zones are,1
nm wide channels inbetween the grains, which were ide
fied as depressions in topographic STM scans, but as e
sion sites in local field-emission mappings.46 Note that the
small width of thesesp2 regions made the correlation wit
the emission sites somewhat less ambiguous than in the
of nanocrystalline diamond, where thesp2 rich intergranular
regions were much more extended and structurally m
nonhomogeneous.

V. CONCLUSION

We studied field emission from various nanostructur
carbons. The effect of differentsp2 phase parameters, suc
as cluster size, orientation and topology, and electronic
order, are emphasized and discussed. It is found that incr
ing the cluster size derived from Raman spectroscopy in
1–10 nm range improves emission. The emission can be
ited by the specific topology adopted by thesp2 phase.sp2

phase ordering in graphitic planes perpendicular to the em
sion direction is found to be clearly unfavorable to emissio
Films with a 3D topology are better emitters. This is attri
uted to a higher degree ofsp2 clustering on the emission
direction, and to defects creating highly localized states
ented parallel to the applied electric field.sp2 clusters em-
bedded in thesp3 matrix or spatially confined defects induc
ing strong electronic disorder can provide local fie
enhancement to facilitate emission.
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